We consider the spin angular momentum evolution of the accreting components of Algol-type binary stars. In wider Algols the accretion is through a disc so that the accreted material can transfer enough angular momentum to the gainer that material at its equator should be spinning at break-up. We demonstrate that even a small amount of mass transfer, much less than required to produce today's mass ratios, transfers enough angular momentum to spin the gainer up to this critical rotation velocity. However the accretors in these systems have spins typically between 10 and 40 per cent of the critical rate. So some mechanism for angular momentum loss from the gainers is required. Unlike solar type chromospherically active stars, with enhanced magnetic activity which leads to angular momentum and mass loss, the gainers in classical Algols have radiative envelopes. We further find that normal radiative tides are far too weak to account for the necessary angular momentum loss. Thus enhanced mass loss in a stellar wind seems to be required to spin down the gainers in classical Algol systems. We consider generation of is stronger than about 1 kG, the spin rate of the gainer is reduced to below break-up velocity even in the fast phase of mass transfer. Larger mass loss is needed for smaller magnetic fields. The slow rotation of the gainers in the classical Algol systems is explained by a balance between the spin-up by mass accretion and spin-down by a stellar wind linked to a magnetic field.
INTRODUCTION
Evolution of single stars is now well modelled (see for example Pols et al. 1995) . There remain concerns with mass loss, rotation and convection but appropriate and successful empirical treatments exist. Evolution of a binary star has several additional complications associated with interaction between the components. Since solving the mystery of Algol systems (Hoyle 1955; Crawford 1955 ), the prototype of semi-detached Algol-type binary stars with one evolved and one main-sequence component, we realize that there are some stages of evolution when interaction between the components is unavoidable. We must therefore take into account, in our calculations, the mass transfer and mass loss together with any angular momentum and magnetic interaction between the components, at least in some critical phases, to fully understand evolution of a binary system.
Over the last few decades, the evolution of Algols has been modelled with well defined approximations such as conservation of total mass and total orbital angular momentum.
The effect of mass transfer on the structure of both stars can be modelled reasonably well.
The angular momentum transfer during mass exchange, however, is not well understood. As we shall see in section 2.1 there are some episodes of mass transfer in Algols when accretion discs or disc-like structures form around the mass gainer.
Current approximations of binary star evolution do not adequately explain the spin angular momentum of the mass-gaining components because the high specific angular momentum of the disc material should easily spin these stars up to their critical break-up rotational velocities in less than the time needed to reverse the mass ratio of system and enter the Algol phase. Here we discuss formation of discs in classical Algol systems and consider the spin angular momentum evolution of mass accreting components, taking into account discs, tides and magnetic stellar winds. We demonstrate that tidal effects play a minor role in the ⋆ E-mail: ahmetdervisoglu@mail.ege.edu.tr Table 1 . The absolute parameters of Algol primary components (İbanoglu et al. 2006) . For each star, columns 2 − 8 are the orbital period, mass ratio, masses, radii and inclination. Then vsyn would be the equatorial velocity of the mass gainer (star 1) if it were synchronous while veq sin i is the measured projected velocity and F = veq/vsyn. Etzel & Olson (1993) ,(3) Mukherjee, Peters, & Wilson (1996) , (4) Soydugan et al. (2007) and (5) Glazunova et al. (2008) .
removal of excess angular momentum from the gainers and rely on a magnetically locked stellar wind to do this. Figure 1 . Locations of the components of the well known Algol systems in a Hertzsprung-Russell diagram. Dots and circles are the primary and secondary components, respectively. The zero-age main sequence (ZAMS, continuous), terminal-age main sequence (TAMS, dashed) and base of the giant branch (BGB, dotted) are as found by Pols et al. (1998) . Ibanoglu et al. (2006) arrived at several interesting observations concerning the relation between orbital angular momentum and mass.
(i) Semi-detached binaries (SDBs) with mass ratios q = M 2 /M 1 > 0.3 and orbital periods of P > 5 d have almost the same angular momentum as detached binaries (DBs). However the SDBs with short periods have lower angular momentum even when they have the same mass ratios.
(ii) The orbital angular momenta of SDBs with periods P < 5 d and P > 5 d are 45 and 25 per cent smaller, respectively, than those of DBs of a total mass of about 3 M ⊙ .
(iii) The secondaries of SDBs with orbital periods longer than 5 d have angular momenta twice that of secondaries with the same mass but with a period shorter than 5 d.
(iv) The specific angular momenta of systems with P > 5 d are about 24 per cent larger than those of the systems with P < 5 d for primary components of the same mass. More extremely the specific angular momenta of the longer period systems are 65 per cent greater than those of the shorter period systems with the same mass secondary star.
These results suggest that different mechanisms govern angular momentum evolution for short and long period SDBs. Absolute parameters and projected rotational velocities measured with great accuracy are given for some Algols in Table 1 . The spins of the primary stars in SDBs show a marked distinction between short and long period systems at an orbital in a classical Algol appears to be its orbital period, independent of its mass. However, if we consider only long period Algols, the spin rate appears to decrease as the mass of the gainer increases. It should be noted that the gainer in U Cep seems to rotate faster than other shortperiod Algols despite its 2.5 d orbital period. Photometric and spectroscopic observations indicate that this system shows transient disc because the eclipse durations vary from time to time (Gimenez 1996; Manzoori 2008) . It shows variations in both orbital period and total luminosity consistent with mass transfer and convective activity. This slightly anomalous behaviour is probably due to the mass ratio in U Cep being very close to the critical mass ratio at which mass transfer proceeds dynamically (Tout & Hall 1991) . explain the evolution of Algols but none is entirely satisfactory. In any case, it is well estab-lished that accretion discs can be formed in phases of evolution when the relative radius of the mass accreting star is small enough.
Accretion Discs
Classical Algols are semi-detached interacting eclipsing binary stars in which the less massive, evolved secondary component (spectral type F or later G and luminosity class of giant or sub-giant) has expanded enough to fill its Roche lobe. These less massive cool secondaries are transferring material through a gas stream on to a B or A spectral-type main-sequence primary component. In the long period, P > 5 d, Algols the mass gaining components are small enough, relative to the binary separation, that mass transfer takes place through an accretion disc. The in-falling material has too much angular momentum for the stream to directly impact on the accretor. Lubow & Shu (1975) It is thus well established, both observationally and theoretically, that long period Algols develop a permanent or transient accretion disc or disc-like structure during mass transfer.
In the next section we examine angular momentum transport and loss mechanisms to explain the asynchronous rotational velocities of detached components in the presence of discs or disc-like structures.
MODELS
In accretion disc theory, the in-falling matter first forms an accretion ring. Stothers & Lucy (1972) proposed a model in which the accreting star is driven into differential rotation by the presence of such a ring or disc around it. Viscous forces transfer most of the angular momentum (AM) to the outer edge of the ring while mass falls inwards. The ring spreads out. Eventually a disc forms and this allows the matter at the inner edge to fall on to the surface of the star. For such a Keplerian disc, the angular velocity Ω k of material at radius R is given by
where G is Newton's gravitational constant and the M is the mass of the accreting star.
Hence, the specific angular momentum of accreted material at the surface of the star, of radius R, is
This specific angular momentum of accreted material would be equal to that at the equator of the gainer if it were critically rotating at brake up. It is much larger than found in normal stars. When accreting at a rateṀ acc the rate of angular momentum transferred from the disc to the star is
Assuming a negligible change in stellar radius, we can determine the amount of mass ∆M that must be transferred through the disc to spin the star up to its critical angular velocity Ω k from an initial Ω 0 when it had mass M 0 . Let the radius of gyration of the star be kR so that its total angular momentum is k 2 MR 2 Ω when spinning rigidly at Ω then
A more precise formula was derived by Packet (1981) who took account of the change in the mass of the star but this is unnecessary for our purposes because ∆M is always small. It shows emission in H α outside eclipse (McNamara 1957; Hansen & McNamara 1959 ) and its light curve displays distortions due to an accretion stream (Olson & Bell 1989) . These observed phenomena may be taken as the signature of a rapid mass transfer phase.
In all cases a mechanism is needed to dissipate this excess angular momentum, along with associated energy. Here we examine various mechanisms for angular momentum loss and compare with the observations. 
Tidal Forces and Energy Dissipation Mechanisms
Tidal forces have been quantified since the work of Darwin (1879) and are, perhaps, the most well understood mechanism for angular momentum transfer within binary stars. Tidal interactions exchange angular momentum between the orbit and stellar spins by torques.
They act to synchronize stellar spins with the orbital period. According to Zahn (2005) the time-scale for synchronization t sync is given by
where ω is orbital angular velocity, a is separation of system, I = k 2 MR 2 is the moment of inertia of the primary star and t diss is the time-scale for the most effective dissipation mechanism. It depends on the stellar type. For stars with convective envelopes the kinetic energy of the equilibrium tides is dissipated by turbulent convective eddies. For those with radiative envelopes the shortest time-scale is through gravity wave dissipation. It is well known that the energy dissipation in convective envelopes is much more effective than in radiative envelopes (Zahn 2005 ).
As we shall describe in the details of the binary star evolution models in section 3.2,
we have examined the efficiency of the tidal torque at opposing the spinning up effect of accreted material from a disc. Gainers in Algol systems are early type stars, so we take the approximation of the dynamical tide with radiative damping given by Hurley, Tout & Pols (2002) to evaluate t diss for equation 5. In the classical evolution of an Algol the initially more massive star evolves more quickly, overfills its Roche lobe and begins a phase of rapid mass transfer soon after it departs from the main sequence as it rapidly becomes a giant star. The primary star is at this time relatively compact and substantially smaller than its companion so that an accretion disc is likely to form. When the accretion is conservative and uniform over time, so that the rate of accretion from the disc to the gainer (Ṁ acc ) is the same as the mass-loss rate from the donor (Ṁ 2 ), we can calculate the spin angular momentum gained during mass transfer. Initially the angular momentum of the gainer is
The net change depends on the competition between the torque of accreted material (equation 3) and the opposing spin-down torque of tides obtained from equation 5, by
where k remains approximately constant. In Fig. 5 we show the variation in the angular velocity of a gainer undergoing mass accretion through a disc with its increasing mass. We used a detailed evolution model for a system of stars initially of masses 5 and 3 M ⊙ and an orbital period of P = 5 d. We allow the star to rotate faster than its break-up rate for illustration only. We find tides are almost incapable of synchronizing the star with the orbit because the gainer reaches brake-up velocity after accreting only a small amount of matter as indicated by equation 4. We found that, to affect the star's spin, the tides would need to be stronger by more than a factor of 10 7 . There is no known physical basis for this. We might also hope that a convective core's ability to dissipate energy by tidal forces may have an effect but the strong dependence of the synchronization time on (R/a) 6 in equation 5
means that the contribution of the convective core is too small and may be neglected. Thus we conclude that tides are insufficient to synchronize the stellar spin of the gainer with the orbit when accretion is through a disc.
Magnetic Winds
Our analysis has shown that tides are insufficient to dissipate the excess angular momentum accreted by Algol primaries with discs. So we consider alternatives that are applicable to this case. The total angular momentum lost from a star in a wind coupled to a magnetic field is equivalent to angular momentum carried away by the wind material co-rotating up to the Alfvén surface (Weber & Davis 1967; Mestel 1968) . So the rate of change of angular momentum of the star owing to the wind is
where Ω is the angular velocity of the star and R A is the Alfvén radius at which outflow speed equals the local magnetic Alfvén speed
where ρ A is the density of wind material, B A is the magnetic field strength at the Alfvén surface andṀ w < 0 is the mass-loss rate. For a spherical outflow
The angular momentum loss rate depends on the field structure and flow velocity which are not easily determined a priori for the wind. We need to make assumptions about both.
To model the magnetic field structure in a simple manner, we assume that field strength follows a single power law of the form
where n describes the geometry of the stellar field and n = 3 corresponds to a dipole field ( It is usually assumed that the thermal wind velocity is of the order of the escape velocity (Tout & Pringle 1992; Stȩpień 1995) so that
Combining equations 12, 11, 10 and 9 we find equation 8 becomes
The second and considerable torque arises between star and disc by magnetic interaction.
The framework of such an interaction was constructed by Ghosh & Lamb (1978) . Some of the stellar magnetic dipole flux connects to the accretion disc and transports angular momentum between star and disc. We use the expression given by Armitage & Clarke (1996) and assume, as did Stȩpień (2000 Stȩpień ( , 2002 , that the radius of magnetosphere is equal to the co-rotation radius,
As they pointed out the disc torque does not depend on the mass of the disc so
where µ = B s R 3 is the magnetic moment of stellar magnetic field. Contrary to Stȩpień (2002) who assumes magnetic flux is constant, we assume that the magnetic field strength B s remains constant because the mass of the accreting star increases at a substantial rate (Ṁ acc ≈ 10 −5 M ⊙ yr −1 ). We seek a solution for various fiducial values of B s .
The third torque, the accretion torque discussed in section 3, has the effect of spinningup the mass-accreting star. Now we replace the radius of the star R in equation 3 with R cor because the stellar magnetic field disrupts the disc at R cor as constant at the value of co-rotation radius.
The wind mass-loss rate remains an unknown parameter. Although there is no a priori rate we can set an upper limit. All observed Algols show reversed mass ratio so much of the material lost by the donor must be accreted by the gainer. We may writė
where 0 < β < 1. For conservative evolution β = 1. Matt & Pudritz (2005) claimed that the mass outflow rate in stellar winds is about 10 per cent of the accretion rate for the pre-mainsequence stars, corresponding to β ≈ 0.9. This is why the classical T Tauri stars spin at less than 10 per cent of their breakup velocity. It is the original suggestion by
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Hartmann & Stauffer (1989) that about one tenth of accreted material lost in a wind can remove the accreted angular momentum.
Such models have already been applied to a wide variety accreting stars including the pre-mainsequnce stars (Matt & Pudritz 2005 , 2008a and the Ap and Be stars (Stȩpień 2000 (Stȩpień , 2002 . BothṀ acc andṀ w are taken as free parameters in most of these studies. In the case of binary evolutionṀ acc depends on the orbital evolution which can be well modelled.
So, for a given magnetic field, we need only make an estimate of the fraction of mass lost in the wind (equation 17) to estimate the angular momentum loss.
Like the tidal torque, which also depends strongly on the separation of binary, the magnetized wind and disc torques are very sensitive to changes in the radius R of the mass accreting star so a detailed evolutionary model is required. Here we use binary star models evolved with the Cambridge STARS code which was originally developed by Eggleton (1971) . The physics was systematically updated by Pols et al. (1995) and the code has been modified so that it can evolve both components of a binary system simultaneously together with the effects of mass and angular momentum loss and transfer (Stancliffe & Eldridge 2009 ).
We have made various binary evolution models for two different initial systems, each with a period of 5 d and with masses 5 + 3 M ⊙ and 3.2 + 2 M ⊙ . Such systems are believed to be the progenitors of Algol-type systems. We evolved both with β = 0.9, 0.7, 0.5 and 0.1.
The code does not directly take into account the presence of a disc so we tabulate the output of the one dimensional structure of each component, the mass-transfer rate, accretion-rate and orbital parameters at every time step. From this we calculate the torque of the magnetic wind, the disc and the accretion and hence the resulting rotation rate for a given magnetic field strength. Because the variation in radius of the gainer is taken directly from the tables it is an approximation. It does not take account of possible rapid rotation. Typically the radius of an early-type non-rotating star depends on the mass as R ≈ M 0.67 at solar metallicity (Maeder 2009) . A rapidly rotating star becomes oblate. Its polar radius becomes smaller than that of the equatorial radius so that the equatorial radius, when rotating solidly at critical velocity is increased by a factor of 1.5 with respect to a non-rotating star of the same mass (Ekström et al. 2008) . However when Ω/Ω k ≈ 0.8 this factor is only 1.1 and can be neglected when compared to the increase in radius as matter accretes.
To calculate the spin evolution of the mass accreting component we assume a dipolar (n = 3) magnetic field and that a magnetized wind is launched as soon as mass transfer begins. We first obtain an evolutionary model of the given binary and each value of β. Then for various field strengths of B s for each β we examine carefully how the angular velocity of the star changes as its mass increases. If the star never reaches its critical velocity the computation is ended. If, on the other hand, the star reaches its critical rotation rate we interrupt the mass accretion but allow the magnetic wind and disc torques to lower the angular velocity to less than the critical rate. This leads to an extra mass loss and a time lag in the evolution of the system. When the gainer loses enough angular momentum that Ω/Ω k < 1 mass accretion resumes.
In Fig. 6 we show the evolution of the system with initial masses it is still at its minimum luminosity reached following mass transfer. For this system, this phase corresponds to an effective temperature of log 10 (T eff /K) = 3.66 and luminosity of log 10 (L/L ⊙ ) = 2.25.
The angular velocities computed for the same initial system but varying β and B s are shown in Fig. 7 . As expected a larger B s creates larger torques for the same β and hence smaller angular velocities Ω/Ω k at a similar point in the evolution. For the same B s but smaller β there is more mass lost in the wind and again smaller Ω/Ω k but then the evolution of the system is highly non-conservative. The most important result we find here is that when B s 1 kG the gainer does not reach its critical spin rate if it loses 10 per cent of the mass transferred from its companion. In such a case a classical Algol as observed today is produced. For decreasing β the final mass ratio is larger for the same initial mass.
We also applied our models to a system with initial masses of 3.2 + 2 M ⊙ and period P = 5 d. This is typical of the progenitors considered for Algol (β Per) itself (Tout et al. 1997 ). The models are shown in Figs. 8 and 9 . is unclear. Similar problems also exist for the explanation of the solid-body rotation profile within the radiative layers of the Sun (Chaplin et al. 2001 ).
While there is a growing body of observational evidence (Donati et al. 2006; MacDonald & Mullan 2004 ) that early type stars have measurable magnetic fields, no attempt has led to a comprehensive theory which explains both the origin of and the sustaining mechanism of the magnetic field. Two leading possibilities are the fossil field theory (Cowling 1945) (2004) and Braithwaite & Nordlund (2006) showed that a stable configuration can be reached within a non-convective star on an Alfvén time-scale from an arbitrary initial magnetic field. The Spruit-Tayler mechanism is not the only one that operates in non-convective material. Balbus & Hawley (1994) have proposed a magneto-rotational instability which works well for accretion discs without convection. Fig. 10 shows the internal structure of the gainer during the mass transfer for our system with initial masses of 5 and 3 M ⊙ . The gainer has a substantial convective core and an almost constant mass radiative envelope throughout the mass accretion.
As Spruit (2002) pointed out, differential rotation in single stars provides a finite amount of energy for generating magnetic fields so we might expect that the dynamo to cease once the rotation profile has been smoothed out. In the case of our semi-detached binary stars with discs, the energy in differential rotation can be continuously supplied from the disc material which has high specific angular momentum relative to the star as we discussed in section 3. Hence, if a Spruit-Tayler type dynamo operates in this case, magnetic fields are regenerated as long as mass transfer continues. According to our assumption that the wind is accelerated to the stellar escape velocity (equation 12) and leaves the system at the Alfvén radius, the rate of energy required to be fed into the wind is given by This can be provided via the dynamo from the highly energetic disc material which continuously supplies energy to the star. Roughly speaking, ∆Ω ≈ R dΩ/dr is the change of angular velocity between centre and outer edge of the gainer or across its surface from pole to equator. The shear energy which can be tapped is (Tout & Pringle 1995) 
If ∆Ω ≈ Ω we can evaluate E sh /L w to estimate the time over which the shear energy could sustain the wind, even if it were not replenished, to be 10 5 − 10 6 yr. This is similar to the timescale over which mass transfer takes place so the shear energy is a good candidate for supplying energy to the dynamo during the mass transfer phase. The quantity τ dyn = E sh /L w during the mass transfer is plotted against the time since the onset of RLOF in Fig. 11 . Tout & Pringle (1992) developed a model based on the idea that the dynamo process creates not only magnetic field also leads a continual expulsion of magnetic flux from the star. This flux, they assume, provides the mechanical output of energy that drives stellar wind. They developed schematic dynamo equations and give a rough expression for this rate as
where τ φ is the decay time-scale of the toroidal field component B φ . It is assumed to be equal to τ g , the growth time-scale on which the dynamo reaches equilibrium, given by (Spruit 2002, Figure 11 . Variation of the dynamo timescale τ dyn = E sh /Lw with time elapsed since the onset of RLOF. The shear energy seems to be sufficient to sustain the required wind for 10 5 − 10 6 years at any stage.
Eq 17)
Combining equations 18 and 20 and using equation 21 with equation 19 of Spruit (2002), we can estimate the mass-loss rate in the wind for mean values of r ≈ R and ρ ≈ρ,
In this formula the quantity N is the Brunt-Väisälä frequency, q r = d ln Ω/d ln r is dimensionless gradient of rotation and K is the thermal diffusivity. This equation is derived under the assumption that almost all the flux lost is transferred to the wind. Therefore, equation 22 is a theoretical upper limit to the mass lost in the wind. We find that such a fully efficient Spruit-Tayler dynamo can support a wind up to 0.01 M ⊙ yr −1 . In this estimate we use mean values of the parameters N ≈ 10 −3 s −1 , K ≈ 10 8 − 10 9 cm 2 s −1 and assume the differential rotation gradient q r ≈ ∆Ω/Ω ≈ 1. Matt & Pudritz (2005 , 2008a have also studied accretion powered stellar winds, both analytically and with two dimensional magnetic wind solutions. Although they are interested in T Tauri type stars, they claim that their models are independent of dynamo mechanism.
Based on two-dimensional simulation they found that the field strength outside the star falls off as if with n ≈ 3.24 which is very similar to the simple dipolar field decay with n = 3. We and ud-Doula & Owocki (2002) in Fig. 12 . In this comparison we used the dimensionless wind magnetic confinement parameter, η which characterizes the ratio of magnetic field energy density to the kinetic energy density of the wind. We find a good agreement with that of ud- Doula & Owocki (2002) . However the Alfvén radii calculated by us seem to be a factor of two smaller than those of Matt & Pudritz (2008a) .
CONCLUSIONS
It has been known for some time that many long-period Algol systems have accretion discs.
Accreting material from such a disc should increase the spin rate of the more massive component up to its break-up speed as soon as even a small fraction of the mass has been transferred (de Mink, Pols & Glebbeek 2007) . All the classical Algols have a less massive evolved and a more massive main-sequence component. Therefore a substantial amount of mass from the initially more massive star must be either lost or transferred to its companion.
The angular velocities of the more massive components in many Algols are measured with great accuracy. These measurements show that the gainers rotate somewhat more slowly than their break-up rates. Thus there must be a mechanism which removes spin angular momentum from the rapidly rotating hot star. We have demonstrated that tidal interaction between the components and the orbit is too weak to do this fast enough. We show, however, that magnetic braking, driven by a magnetic dynamo that is maintained by the accretion itself, can remove sufficient angular momentum. MacDonald & Mullan (2004) hypothesized that a dynamo operating in a sheared radiative region can generate flux tubes which are able to rise the surface of the star. A shear dynamo in the extended radiative envelope of a massive star can therefore serve as an efficient supplier of magnetic flux to the surface of the star. We propose a similar self-consistent model in which a dynamo operates in shearunstable material throughout the radiative envelopes of the gainers in Algols with orbital periods longer than 4 − 5 d. Such stars can lose angular momentum in magnetized stellar winds, leading to non-conservative angular momentum evolution.
Under this non-conservative evolution, an Algol system continues to evolve with relatively little mass loss at a rateṀ w ≈ 0.1Ṁ acc but corotating to a relatively large Alfvén radius R A . When it reaches the classical Algol phase the less massive component is observed to be more evolved than the massive one. Spruit-Tayler instabilities seem most likely to be responsible for the operation of a magnetic dynamo in massive stars with radiative envelopes (Mullan & MacDonald 2005 ). However we need to construct two dimensional models with an accretion disc to test how such a dynamo really operates in Algols. Such numerical models could also supply more realistic Alfvén radii based on the field geometry. Using such detailed models we should be able to find an equilibrium spin-ratio which can explain the observations in Fig 2. We might also take into account the effect of wind induced hydrodynamic instabilities suggested by Lignieres, Catala, & Mangeney (1996) which may also effect the differential rotation parameter.
Using a very simple model we computed the spin angular momentum evolution of gainers with discs in two systems with an initial orbital period of 5 d but different masses. The results
show that even a small amount of mass, about 10 per cent of the transferred material, lost by the gainer with a magnetic field of 1 kG is sufficient to slow down the star to below its break-up velocity. As the magnetic field strength increases the rotational velocity of the star decreases for the same amount of mass loss.
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